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VesiclesIn reef-building corals, larval settlement and its rapid calcification provides a unique opportunity to study
the bio-calcium carbonate formation mechanism involving skeleton morphological changes. Here we
investigate the mineral formation of primary polyps, just after settlement, in two species of the pocillo-
poroid corals: Stylophora pistillata (Esper, 1797) and Pocillopora acuta (Lamarck, 1816). We show that the
initial mineral phase is nascent Mg-Calcite, with rod-like morphology in P. acuta, and dumbbell morphol-
ogy in S. pistillata. These structures constitute the first layer of the basal plate which is comparable to
Rapid Accretion Deposits (Centers of Calcification, CoC) in adult coral skeleton. We found also that the
rod-like/dumbbell Mg-Calcite structures in subsequent growth step will merge into larger aggregates
by deposition of aragonite needles. Our results suggest that a biologically controlled mineralization of ini-
tial skeletal deposits occurs in three steps: first, vesicles filled with divalent ions are formed intracellu-
larly. These vesicles are then transferred to the calcification site, forming nascent Mg-Calcite rod/
pristine dumbbell structures. During the third step, aragonite crystals develop between these structures
forming spherulite-like aggregates.
Statement of Significance
Coral settlement and recruitment periods are highly sensitive to environmental conditions. Successful
mineralization during these periods is vital and influences the coral’s chances of survival. Therefore,
understanding the exact mechanism underlying carbonate precipitation is highly important. Here, we
used in vivo microscopy, spectroscopy and molecular methods to provide new insights into mineral
development. We show that the primary polyp’s mineral arsenal consists of two types of minerals:
Mg-Calcite and aragonite. In addition, we provide new insights into the ion pathway by showing that
divalent ions are concentrated in intracellular vesicles and are eventually deposited at the calcification
site.
 2019 Acta Materialia Inc. Published by Elsevier Ltd. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/4.0/).1. Introduction
Biomineralization comprises the formation, structure and prop-
erties of inorganic solids deposited in biological systems [1,2].
Scleractinian corals are one of the few calcifying metazoans thatproduce aragonitic skeletons, and arose in the Triassic period long
after the greater proliferation of calcifying corals in the Paleozoic
period, which produced calcitic skeletons [3]. Coral calcification
is a central biological and geochemical process in the ocean. The
tiny polyps of coral colonies build the most important bioconstruc-
tion in the world – coral reefs, producing approximately 1012 kg of
calcium carbonate per year in the form of aragonite [4]. Despite the
importance of this process, the exact mechanism underlying the
calcium carbonate precipitation is still poorly understood. In thehttps://
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model and the biologically controlled model. In geochemical mod-
els, nucleation and growth of the calcium carbonate crystals are
directly related to seawater carbonate chemistry at thermody-
namic equilibrium [5]; the role of the organisms in the precipita-
tion reaction is partly ignored. The biologically controlled model
is based on biophysical processes far from the ambient thermody-
namic equilibrium. In these processes, ions, proteins and poly-
saccharides, responsible for the nucleation and growth of calcified
structures, are concentrated by the organism in specific compart-
ments creating the optimized conditions for precipitation [6–8].
Currently, there is growing evidence supporting the biological con-
trolled process [i.e., [8–12]], and the ongoing question is focusing
on how the animal concentrates and transports the ions from the
seawater to the site of calcification. Is it by the transcellular path-
ways through the cells, with calcium channels [12,13], PMCA (P-
type calcium ATPase) [14] or vesicles [10,15]? Or by the paracellu-
lar pathways between the cells [16], or possibly it is a combination
of the two [9].
Corals have a relatively simple life cycle, involving a short, free
swimming larval phase (during which the organism is called plan-
ula), and a dominant benthic phase called polyp [17,18]. When the
planula settles permanently on a hard substrate, it metamorphoses
into a primary polyp, which immediately initiates the formation of
a calcium carbonate exoskeleton [19]. Most of the work on coral
biomineralization has been performed on adult corals, thus the
structure of the mature coral skeleton is well documented
[20,21]. Centers of calcification (CoC, called also Rapid Accretion
Deposits) are known as to be deposited in fast growing skeletal
regions (growing fronts of skeletal structures), whereas other
skeletal regions are formed by aragonitic fibers [20,22]. Previous
studies on adult coral skeleton have located amorphous calcium
carbonate (ACC) [15,23], disordered aragonite phases, poorly crys-
talline aragonite (pAra) [15,24], and high magnesium content
[23,25] in the CoC, whereas in the aragonite fibers, strontium and
low amounts of magnesium were detected [25]. The fact that these
observations appeared in several coral species may indicate a
widespread mechanism in adult coral calcification. Previously we
showed that mineral formation starts prior to settlement, during
the planktonic stage, where Mg-ACC was detected by SS-NMR
analysis, while upon settlement, disordered aragonite was also
detected [8]. These observations, however, did not provide spatial
information, and therefore offer limited mechanistic detail. Suc-
cessful mineralization during the early period of settlement is
essential and influences the survival capabilities of the coral
[8,26]. Therefore, understanding the mechanism underlying CaCO3
crystallization at the early stages of settlement is essential.
Previously Gilis et al. [27] characterized the mineral develop-
ment of Pocillopora damicornis from 12 h to 22 days after settle-
ment. Using Raman spectroscopy of dehydrated samples, they
showed that aragonite was the major mineral phase after settle-
ment. The authors also reported that calcite minerals are present
during the first day of settlement, characterized by rod-shaped
structures and containing high concentrations of magnesium,
while the most abundant mineral shapes in a primary polyp were
dumbbell-like and semi-spherulite structures [27]. The authors
suggested that the source of calcite mineral might be induced by
bacteria, especially due to the fact that in adult coral these struc-
tures were only observed at lateral tissue extensions, where a thin
tissue of corals fragments spreads out and covers the substrate
glass slide [16,28–30].
Dumbbell structures were previously observed in two other
coral species [16,28–30] as well as in pearl oyster [31]. However,
in the pearl oyster the dumbbells are composed of Mg-Calcite,
rather than aragonite [31]. In vitro precipitation experiments ofPlease cite this article as: M. Neder, P. P. Laissue, A. Akiva et al., Mineral formatio
doi.org/10.1016/j.actbio.2019.07.016Mg-calcite (with Ca/Mg molar ratio of four or greater) have shown
that the forming crystal displays dumbbell shapes [32–34]. More-
over, as similar mineral structures are induced by some bacteria
[35–38] the relationship between dumbbell formation and coral
skeletal formation was suggested to result from biologically-
induced, carbonate formation processes occurring in the leaky
sea-water environment between the organism tissue and the sub-
strate [27].
The aim of this multidisciplinary study is to elucidate the initial
development of mineral shapes and phases from the first post-
settlement days until the formation of the septa and the filling of
the whole basal plate, on the primary polyps of two members of
the pocilloporoid stony corals (Stylophora pistillata and Pocillopora
acuta). To study these two dominant and well characterized fea-
tures of adult skeleton, we combined in vivo microscopy and spec-
troscopy, and molecular biology.2. Materials and methods
2.1. Planulae collection and settling
Planulae traps were made using a 160 lm plankton net, the top
of which was attached to a plastic container. Planulae were col-
lected from adult S. pistillata colonies under a special permit from
the Israeli Natural Parks Authority, in front of the Interuniversity
Institute of Marine Biology (IUI) in Eilat, Israel. Nets were placed
on 14 adult corals for several nights during February–May 2016
and 2017, following peak releases [39] (Supplementary Fig. 14).
The metamorphosis and settlement processes proceeded naturally
in small petri dishes with glass bottoms, which underwent precon-
ditioning treatment with seawater. In addition, P. acuta corals were
collected on July 2017 (Special Activity Permit 2018-50) from
Kaneohe Bay, O’ahu Hawai’i and returned to the Hawai’i Institute
of Marine Biology where they were housed in outdoor 1300 L tanks
in shaded conditions with an ambient photoperiod and natural
diurnal fluctuations in temperature (Supplementary Fig. 14). In
order verify the presence/absence of bacteria precipitated minerals
in the primary polyp we treated the larva, prior settlement, with
3% antibiotic cocktail (Antibiotic Antimycotic Sigma #A5955), for
3–4 days. We then transferred the larva to filtered artificial sea
water for settlement and imaged the primary polyp with light
microscopy.
2.2. Polarized Light Microscopy (PLM)
Ten primary polyps of S. pistillata were observed and monitored
under the light microscope Nikon ECLIPSE TI-E, using a DIC polar-
ized filter. For the time-lapse series, the samples were imaged
while they were located in a controlled environment chamber
(25 C & 90% humidity). To determine the growth of skeletal struc-
tures (such as dumbbells), DIC images from time-lapse series were
processed as follows: Shading (from coral tissue lying above the
calcified structures) was reduced by using bandpass filtering in
the open-source image processing program Fiji [40]. Contours were
then enhanced using the ‘Find Edges’ command (a 3  3 Sobel edge
filter). Contours of individual skeletal elements were then traced in
the processed images, false-colored and overlaid in Fiji.
2.3. Scanning Electron Microscopy (SEM) + Energy Dispersive X-ray
(EDS)
The skeletons of nine primary polyps of S. pistillata, three to five
days post settlement, and three primary polyps of P. acuta, which
were three days post settlement, were imaged. The tissue of then in the primary polyps of pocilloporoid corals, Acta Biomaterialia, https://
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rite (NaClO) for 10 min as described by Gilis et al. [27]. Samples
were vacuum coated with carbon (for conductivity) prior to exam-
ination under a ZEISS SigmaTM SEM coupled with EDS, by using an
in-lens detector (1–1.5 kV, WD = 3.5–5 mm). Elemental analyses
by an X-ray Energy Dispersive technique-dispersive X-ray spec-
troscopy (EDS) were performed in locations of interest that were
chosen after imaging in the SEM (10 kV, WD = 5 mm). Elemental
distribution maps were obtained using Quantax software.2.4. RNA extraction, processing and sequencing
Five samples of S. pistillata that included pools of 15 primary
polyps, were used for the bacterial population analysis. In addition,
triplicates of three developmental stages; planktonic larva, meta-
morphosed larva and primary polyps were used for the biominer-
alization tool-kit gene expression pattern. The samples were snap-
frozen in liquid nitrogen and stored in 0.55 ml of TRI reagent (Life
Technologies) at 80 C until the RNA extraction. The RNA was
extracted using the TRI reagent (Life Technologies) following the
manufacturer’s protocol with some modification at the homoge-
nization step, as described by Mass et al. [41]. We performed on-
column DNase digestion using the PureLink RNA mini kit
(Anbion).2.5. Bacterial community structure
The RNA used in reverse transcription (RT) reaction, using
SuperScriptTM (Thermofisher), following the manufacturers proto-
cols. cDNA was used for two-step PCR amplification of partial
16S rRNA. The first PCR reaction was to amplify a region of 16 s
with the primers CS1_515F (ACACTGACGACATGGTTCTACAGT
GCCAGCMGCCGCGGT) and CS2_806R (TACGGTAGCAGAGACTT
GGTCTGGACTACHVGGGTWTCT). The non-underlined sequences
CS1 and CS2 tails were amplified in the second PCR reaction with
Access Array primers of Illumina from Fluidigm. After the second
PCR, the samples were purified using AmpureXP beads (Beckham
Coulter) and then checked for concentration by qubit and size by
Tapestation. The libraries sequenced on the illumina miseq using
a v2-500 cycles kit to generate 2  250 paired-end reads. The reads
trimmed for adaptors (rCS1 and rCS2 as well as any illumina adap-
tors), merged and OTU picking performed to generate OTU and
Abundance tables, using the CLC-bio workbench software (HyLab,
Israel). A total of 79,572 high-quality bacterial sequences from five
samples were analyzed. Taxonomic identification was done by
alignment to the Silva reference database (version 132), with a cut-
off of 80% identity and score of 90.).2.6. Sequencing, assembly and differential gene expression
RNAseq data were generated using triplicate samples of the
three S. pistillata developmental stages. Sequencing libraries were
prepared using the Illumina TruSeq kit. An Illumina HiSeq
2500v4 sequencer was used to obtain 60 bp single reads (2 lanes).
Poly-A/T stretches and Illumina adapters were trimmed from the
reads using cutadapt [42]; resulting reads shorter than 30 bp were
discarded. Reads were mapped to 39 genes recently shown to be
part of the biomineralization tool-kit in the stony coral S. pistillata
[43] using STAR v2.4.2a [44], supplied with gene annotations in gtf
format. Expression levels for each gene were quantified using
htseq-count [45], using the gtf above. Differential expression anal-
ysis was performed using DESeq2 [46], supplied with the design
formula  group. Raw P values were adjusted for multiple
hypotheses using the Benjamini-Hochberg method.Please cite this article as: M. Neder, P. P. Laissue, A. Akiva et al., Mineral formatio
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Sample preparation: eight S. pistillata primary polyps were
examined in vivo by Raman, without any pre-treatment. At the
end of the experiment, the primary polyps were still alive and con-
tinued growing. In addition, two P. acuta primary polyp were fixed
in ethanol prior to measurements. Micro-Raman measurements
were conducted on a LabRAM HR Evolution instrument (Horiba,
France) as described previously by Akiva et al., [8]. The reference
spectra used were biogenic aragonite collected from a mature coral
and magnesium calcite, which was precipitated and examined as
described in Ref. [47].
Raman mapping – Spectra were measured from a rectangular
area of each primary polyp and processed as a hyperspectral image
using a custom script in Matlab 2018a (Mathworks, Inc.). For each
pixel, a window of 30 cm1 Raman shift to the right and left the
distinguishing peak of each mineral was isolated (206 cm1 for
aragonite, and 284 cm1 for magnesium calcite), and automatically
checked if it contained a peak. The criterion for deciding whether
or not there was a peak was to see if the maximum value of the sig-
nal in that window was at least 20% greater than its mean, and
whether the maximum value fell in the middle of the window. If
a signal contained a valid peak for both minerals, the one with
the larger amplitude was kept. In the resulting map, the distribu-
tion of the minerals is visualized in false colors: aragonite in red,
and magnesium calcite in green. The intensity of each pixel is
scaled by its magnitude in the hyperspectral image.
2.8. XRD/XRF
Six S. pistillata primary polyps from one to four days after settle-
ment were settled spontaneously on kapton foil. For the measure-
ment, the samples were mounted between two aluminium frames,
which were attached to the sample holder. The measurement con-
ducted by Wide Angle X-ray scattering (WAXD) and X-ray flores-
cence (XRF) at the mySpot beamline at BESSY II synchrotron
radiation facility (HZB, Helmholtz-Zentrum Berlin für Materialien
und Energie, Berlin, Germany) [48], using an X-ray spot size of
10 lm and multilayer monochromator (wavelength k = 0.7293 Å;
E = 17 keV). The two-dimensional scattering patterns were
recorded using an Eiger 9 detector (3110  3269 pixels and
75 lm pixel size). The sample-detector distance was 254.45 mm
and the measurement time was 10 s. For calibration, Quartz stan-
dard was measured. Data analysis, including calibration, back-
ground subtraction and peak fitting were processed with DPDAK
software [49]. Peak fit results were used to generate 2D maps, after
masking the results based on the intensity of the peak. In addition,
1D maps were plotted for some points of interest in both samples,
using Origin software [50]. For XRF measurements we used a fluo-
rescence detector (Bruker XFlash, SDD, window size 10 mm2) Flu-
orescences map were generated after calibration, using PyMca
software [51].
2.9. Confocal laser scanning microscopy
For localization of calcium particles or evidence of bacteria in
the primary polyp living tissue, primary polyps were incubated
overnight in 2.6 lM Calcein Blue (Sigma 54375-47-2) dissolved
in seawater. Then, they were rinsed for one-hour in seawater
before observation. For localization of calcium vesicles, the primary
polyps were additionally stained with FM 4-64 (T13320, Life Tech-
nologies, OR, USA) membrane dye. Working solution of 5 lg/ml
was prepared by diluting the stock solution in artificial seawater.
Primary polyps were immersed in the working solution for about
10 min before imaging. For image acquisition of live samples, a
Nikon A1 confocal laser-scanning microscope was used with an in the primary polyps of pocilloporoid corals, Acta Biomaterialia, https://
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objective. Images were acquired in four channels, using one-way
sequential line scans. Calcein Blue was excited at 405 nm and its’
emission collected at 450/50 nm with a suitable PMT gain of 64.
Autofluorescence of the coral tissue was excited at 488 nm and
its emission collected at 525/50 nm with a PMT gain of 10. Chloro-
phyll autofluorescence of the symbiotic algae was excited at
488 nm and using a 593 nm long-pass filter at a PMT gain of 101.
Differential interference contrast images were acquired using the
transmitted light detector at a gain of 38. In all cases, no offset
was used, and the scan speed was ¼ frames/s (galvano scanner).
The pinhole size was 35.8 mm, approximating 1.2 times the Airy
disk size of the 1.4 N.A. objective at 525 nm. Scanner zoom was
centred on the optical axis and set to further magnify around 2
to 4. Axial step size ranged from 0.35 to 1.5 mm, using between
11 and 20 planes per time-point. Time-points were collected every
10 to 15 min.
To quantify colocalisation of particles stained with calcein blue
and FM 4-64, we used our previous object-based colocalisation
analysis [52]. A summary of the analysis approach can be found
in the Supplementary Fig. 13.2.10. Cryo-scanning electron microscopy (SEM) imaging
Five primary polyps were high-pressure-frozen while they were
still alive as described previously by Akiva et al., [8], and were
imaged directly in cryo conditions, without coating.2.11. Immunolocalization
S. pistillata primary polyps were prepared as described previ-
ously by Mass et al., [41]. Primary anti-CARPs 1-4 applied at
1:560, 1:35, 1:140 and 1:1400 dilution, respectively, and incu-
bated. Staining specificity was achieved by performing similar con-
trol experiments, without the first antibody step.3. Results
3.1. Crystal morphology
Mineral morphologies in both S. pistillata and P. acuta were
characterized using scanning electron microscopy (SEM) after
organic tissue removal (Fig. 1). In the 3 days settled S. pistillata
primary polyps, the most abundant mineral deposit before basal
plate closure are pristine dumbbells (Fig. 1B) and dumbbell-like
structures (Fig. 1D, Supplementary Fig. 1) with a size range of
10–35 mm. Those structures consist of 50–100 nm nanogranular
particles (Fig. 1C and E, Supplementary Fig. 1). Dumbbell-like struc-
tures grow by the deposition of needle-shaped fibers radiating from
the pristine dumbbells (Fig. 1D, F and G). These needles grow in the
presence of organic material, seen as fibers in SEM (Fig. 1G).
In contrary, the basic initial mineral morphology observed in
3 days settled P. acuta is smaller rod-shaped structures, with a size
range of 1–5 mm in length (Fig. 1J, Supplementary Fig. 1K and L).
This morphology is different from the pristine dumbbell shapes
observed in S. pistillata (Fig. 1B). In addition, dumbbell-like miner-
als that are larger than the rods (15–30 mm) were also observed in
P. acuta (Fig. 1J, Supplementary Fig. 1). These dumbbells are sur-
rounded by the rod shaped minerals (Fig. 1J blue arrowhead). In
both coral species, S. pistillata and P. acuta, we found that the
crystal-structure is similar and is composed of nanogranular parti-
cles (Fig. 1C, E and L) from which needle-shaped crystals grow
(Fig. 1G and K). These needle shaped crystals consist nanogranules
as well (Supplementary Fig. 1F).Please cite this article as: M. Neder, P. P. Laissue, A. Akiva et al., Mineral formatio
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ized features of the primary polyp (Fig. 1A, I). Fig. 1F shows at least
five developed dumbbells, with an external layer made of fused
needle-shaped crystals, forming the initial septum. The needles
point radially from the dumbbells outwards, allowing space filling
between two neighbouring dumbbells in order to form the septum
structure (Fig. 1F).
In order to track skeletal development and growth, S. pistillata
primary polyps were imaged in vivo using optical contrast micro-
scopy (differential interference contrast (DIC) and polarized light
microscopy (PLM)) and long term time-lapse imaging from 1 to
5 days post settlement (Fig. 2). Light microscopy clearly shows that
during the first 3 days post settlement the dumbbell-like struc-
tures are abundant throughout the periphery, in the forming sep-
tum and the basal plate (Fig. 2A–D). In vivo PLM shows that the
dumbbell-like structures are mostly crystalline (Fig. 2E), and dis-
play spherulitic texture, as seen by the characteristic birefringent
Maltese-cross pattern in the PLM and DIC images (Fig. 2E–F) [22].
To examine the growth and merging of the dumbbells, time-
lapse imaging was acquired using PLM (Fig. 2 G–I, Supplementary
Movies 1–2). In movies S1 and S2 we imaged a primary polyp from
1 to 3 days’ post settlement. We observed pristine dumbbells
merging with larger mineral structures at the edge of the septum
in the first 24 h (Supplementary Movie 1). These structures grow
and fill the space in a spherulitic pattern. In Supplementary Movie
2 we imaged 48–72 h post settlement, at a different location, in
which dumbbells merged with other developed areas of minerals,
to form the basal plate.
Dumbbell calcium carbonate structures were suggested previ-
ously to be induced by some bacterial species [36,53–57]. We thus
examined the possibility of bacterial involvement in the pristine
dumbbell formation by comparing larval settlement after bacteria
lysis treatment. We did not find any evidence of bacterial clusters
in the vicinity of the dumbbells in primary polyp settling in ambi-
ent conditions (Supplementary Fig. 3A–B). Moreover, the develop-
ment of pristine dumbbells and other developed areas of mineral
was the same in both treatments (Fig. 2G–I, Supplementary
Fig. 3C, Movies 1–3). Additionally, we examined the bacterial com-
munity diversity in the primary polyps by 16S rRNA and high-
throughput sequencing, finding no evidence of calcium carbonate
mineralizing bacteria [35–38] at the genus level (Supplementary
Fig. 4 and Supplementary Table 1).
3.2. Elemental composition of the mineral
Elemental composition analysis by EDS, of both coral species
reveals that the initial CaCO3 minerals, i.e. the rod-shaped struc-
tures in 3 days settled P. acuta, and the pristine dumbbell shaped
ones in 3 days settled S. pistillata, contain magnesium (Fig. 3, Sup-
plementary Fig. 5). However, due to sample topography, quantita-
tive analysis of magnesium concentration cannot be achieved
using this setup [58].
The elemental composition analysis also revealed the presence
of sulphur and strontium in S. pistillata (Fig. 3A, Supplementary
Fig. 5). It is possible that the sulfur measured by EDS stems from
the remains of the biological matrix surrounding the dumbbells,
or the involvement of biomolecules in scaffolding for the building
of the needle shaped crystals.
3.3. Crystalline phase
To explore the mineral phases, and the distribution of the mag-
nesium containing minerals in the primary polyps, in vivo micro-
Raman spectroscopy, X-Ray Diffraction (XRD) and X-Ray Fluores-
cence (XRF) (on preserved samples) were performed. The in vivo
micro-Raman spectra of the needle-shaped crystals in both 3 daysn in the primary polyps of pocilloporoid corals, Acta Biomaterialia, https://
Fig. 1. Early mineral structures in Stylophora pistillata and Pocilopora acuta primary polyps. SEMmicrographs of the mineral deposit structures of 3 days settled S. pistillata (A–
H) and P. acuta (I–L), using an in-lens secondary electron detector. (A, I) Primary polyps of S. pistillata and P. acuta respectively, after removal of the tissue. (B) S. pistillata
pristine dumbbells. (C) Higher magnifications of the region depicted in a red box in B showing that the pristine dumbbell is characterized by nano-granules. (D) S. pistillata
mineral deposition in a developing dumbbell like shape (E) Higher magnification of the region depicted in the red box in (D) The surface structure of the center of the
dumbbell showing nano-granules (red Arrowhead). (F) Merged dumbbells connected by needle shaped crystals. The structure is part of a secondary septum. (G) High
magnification of the region depicted in the red box in (F), shows that the edges of the dumbbell are composed of needle shaped crystals embedded with organic fibers (green
arrowheads) (H) A dumbbell, located on the septum wall elevated from the basal plate plane. (I) P. acuta dumbbell basal plate seemingly merging with small rod-shaped
structures also forming the septum. (J) P. acuta rods (blue arrowheads) and dumbbell-like mineral deposit (K) Needle shaped crystals at the opposite end of the dumbbell. (L)
The surface structure of the other end of the dumbbell, made of nano-granular particles (red arrowhead). Orange stars – septa, BP – basal plate. Scale bars: 300 lm (A, I), 2 lm
(B, C K, L), 10 lm (D, F, H, J), 500 nm (E, G). (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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ing dumbbells (Fig. 1B, E), are characterized by peaks at 152.4 (B1g),
205 (B2g), 702.6 (B3g), 705.6 (Ag) and 1085.6 (Ag) cm1 (Fig. 4, red).
These peaks are characteristic Raman shifts of aragonite [59,60].
The initial growth structures – the small rod shapes in P. acuta
(Fig. 1J) and pristine dumbbell shapes in S. pistillata (Fig. 1B and J),
show Raman shifts at 157.5 (Eg), 283.8 (Eg), 714 (Eg) and 1089 (A1g)
cm1 (Fig. 4, blue). This set of peaks is similar to those of calcite
[60] as well as to dolomite and to magnesite [61] with slight shifts
in the wavenumbers of these peaks (see Supplementary Table 2 for
full peak assignment). In addition, the linewidth of the above peaks
is relatively broad (13.7 (Eg), 20.1 (Eg), 26.4 (Eg) and 10.7 (A1g)
cm1) when compared to the more crystalline aragonite peaks
(11.4 (B1g), 9.9 (B2g), 3.7 (B3g), 4.4 (Ag) and 4.3 (Ag) cm1). Fig. 4A
also shows a line scan between the developed dumbbell in the
forming septum and the pristine dumbbell structure in S. pistillata,
similar to the structures observed in Fig. 1B. The spectral profiles in
the scanned line in Fig. 4B shows that there is a clear shift in spec-
tral features from Mg-calcite found in the pristine dumbbell
(Fig. 4B spectra 9–10) to aragonite at the forming septum
(Fig. 4B spectra 1–6). This is most clearly seen in the Ag/A1g peaks
in Fig. 4E. Supplementary Table 3 lists the Raman line width for
each/several scattering peaks.
Micro-focused Scanning XRD coupled with XRF measurements
were performed on S. pistillata primary polyps at different timesPlease cite this article as: M. Neder, P. P. Laissue, A. Akiva et al., Mineral formatio
doi.org/10.1016/j.actbio.2019.07.016post settlement. The XRD patterns obtained from each measured
volume with lateral beam cross-section of 10  10 mm2 show typ-
ical reflections of either aragonite, Mg-calcite or mixtures of both.
In the q range probed in this experiment are the (0 1 2) and the
(1 0 4) reflections of calcite that are used as markers for
Mg-calcite. Here q (0 1 2) = 16.3 ± 0.04 nm1 and q (1 0 4) =
20.76 ± 0.03 nm1. Thus the peak positions of the Mg-calcite
reflections are shifted with respect to pure calcite (where
q (0 1 2) = 15.5 nm1 and q (1 0 4) = 20.5 nm1) [62]. The fact that
the contribution of magnesium, incorporated into the calcitic crys-
talline lattice, causes peak shifts to higher wavenumbers is well
documented [62]. This effect is much larger than the contribution
of organic induced lattice distortions [63]. Similar peak shifts are
seen in the XRD profile of Paracentrotus lividus sea urchin spine
powder (Supplementary Fig. 7) where 3% Mg2+ concentration was
determined by quantitative elemental analysis [64], suggesting
similar Mg2+ concentration in sea urchin Paracentrotus lividus
spines and S. pistillata primary polyps.
Pure aragonite is characterized by peaks at q (1 1 1) =
18.5 nm1, q (0 2 1) = 19.5 nm1 and q (0 1 2) = 23.3 nm1 [65]. In
our measurements, all these peaks were slightly shifted to lower
peak positions (Fig. 5, Figs. S7–S9), probably due to the incorpora-
tion of strontium into the lattice. However, unlike Mg-calcite,
which largely displayed no variation in peak-position across the
different samples, here we observe relatively large variations likelyn in the primary polyps of pocilloporoid corals, Acta Biomaterialia, https://
Fig. 2. Dumbbells grow by a spherulitic growth pattern, and then merge to form the septa and basal plate in 3 days settled S. pistillata primary polyps. (A–D) In-vivo Light
Microscopy images (A) S. pistillatawhole primary polyp. (B–D) Higher magnifications of the regions marked by the red boxes in A and B showing the developing septa (Orange
asterisk) and the high abundance of pristine dumbbell structures (red arrows) (B), pristine dumbbells in the periphery and ones that are forming the basal plate and septum
(see also C and D). (E) cross-polarization image of pristine dumbbells and the basal plate (F) DIC image of in-vivo confocal microscopy of the lower level (z-stack) of the
septum and basal plate showing the Maltese crosses typical of birefringence with spherical symmetry [1] (i.e. the crystal structure has a radial arrangement) (G–I) Time
points of 14 h time-series of primary polyp, 1 day post settlement (see the full movie in Supplementary 1 and 2). (G) The first time point (H) 12 h after the first image (I)
Overlay of false-color images of (G, blue) and (H, yellow). Orange asterisks – septa, red arrows – pristine dumbbells. Scale bars: 250 lm (A), 50 lm (B) 20 lm (C–I). (For
interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
6 M. Neder et al. / Acta Biomaterialia xxx (xxxx) xxxresulting from variable Sr2+ content. For example, in samples fixed
after 1 day of settlement sample q (1 1 1) = 18.53 ± 0.05 nm1,
whereas in the 2–4 days settled samples, the peak position shifted
to 18.31 ± 0.04 nm1, indicating higher Sr content in the mature
mineral particles.
Fig. 5 shows elemental and mineral phase distribution obtained
from polyps one day post settlement. Here we find small aggre-
gates of mineral particles in a size range of 20–50 mm, composed
of either Mg-calcite or aragonite as indicated by scanning-XRD
measurements (Fig. 5C–F), which show typical XRD profiles of
the two mineral phases (Supplementary Fig. 8). The elemental dis-
tribution map shows overlapping distribution of calcium (Fig. 5B
blue pixels) with both Mg-calcite and aragonite particles, and co-
localization of Sr2+ and Ca2+ (Fig. 5B. magenta pixels) in regions
assigned to aragonite. Sr2+ is absent from regions assigned to Mg-
calcite (we note that in our experimental set-up Mg2+ XRF cannot
be detected).
We have not been able to detect Mg-ACC or ACC as precursors
to Mg-calcite or aragonite in our experimental set up. HoweverPlease cite this article as: M. Neder, P. P. Laissue, A. Akiva et al., Mineral formatio
doi.org/10.1016/j.actbio.2019.07.016due to the low sample volume we cannot rule out their presence
in small amounts or as unstable precursors.
Next, we mapped 450  100 mm2 region of a growing septum of
a primary polyp two days post settlement. Here, aragonite was the
most abundant crystalline form (Fig. 6B), forming the growing sep-
tum and the surrounding basal plate. Mg-calcite was detected in
small regions along the developing septum together with aragonite
(Fig. 6C. lines 3–8). We note that as the aragonite intensities are
much higher in these areas (Supplementary Fig. 9) and due to
the sampling step size (10 mm), Mg-calcite mineral particles may
be partly overlooked. Our oldest sample (four days post settle-
ment) shows a similar trend to the 2 days post settlement sample,
where aragonite is the most abundant phase and small regions of
both aragonite and Mg-calcite crystals co-exist (Supplementary
Fig. 10).
In some of the sampling points, the minor peaks were not
detected (i.e. 16.3 nm1 in Mg-calcite, and 23 nm1 in aragonite),
due to either different crystal orientation or low relative intensity.
The intensity, peak position and the peak width of all five reflec-n in the primary polyps of pocilloporoid corals, Acta Biomaterialia, https://
Fig. 3. Elemental distribution in different mineral structures in 3 days settled
primary polyp. (A–B) Energy Dispersive X-ray Spectroscopy (EDS) maps of pristine
dumbbells from S. pistillata (A) and the developing septum from P. acuta (B). Each
panel contains an SEM image of the areas sampled by the EDS, and the distribution
maps for each of the detected elements. In S. pistillata (A) calcium, magnesium and
sulphur are observed. The pristine dumbbells centers are rich in magnesium, and in
some developed areas (showing needle shaped fibers, red arrow) there is high
concentration of sulphur, which may point to the surrounding biological matrix or
the involvement of biomolecules in the scaffolding for the growing crystals. In P.
acuta (B) calcium and magnesium were detected but not, sulphur. In this species,
the small micron size rod shaped structures that surround the dumbbell-like
structure are magnesium rich. Scale bars: 10 lm (A–B). (For interpretation of the
references to color in this figure legend, the reader is referred to the web version of
this article.)
M. Neder et al. / Acta Biomaterialia xxx (xxxx) xxx 7tions ((0 1 2), (1 0 4) for Mg-calcite and (1 1 1), (0 2 1) and (0 1 2)
for aragonite) in the measured q-range are mapped in the Supple-
mentary Figs. 8–10. The parameter maps yielded similar trends for
all the reflections.3.4. Biomineralization ‘‘tool-kit” genes
To examine the biological involvement in the mineral forma-
tion, we assessed the temporal and spatial expression pattern of
putative biomineralization related genes [43] of S. pistillata after
settlement.
Thirty-seven genes, previously described as components of the
biomineralization ‘toolkit’ (Supplementary Fig. 11), encoding pro-
teins containing one or more trans-membrane domains, extracel-Please cite this article as: M. Neder, P. P. Laissue, A. Akiva et al., Mineral formatio
doi.org/10.1016/j.actbio.2019.07.016lular matrix proteins and coral acid-rich proteins (CARPs) were
differentially expressed. Thirty-two of those, including CARPs 1, 3
and 4 were upregulated upon settlement, while CARP 2 was
down-regulated in this stage (Supplementary Fig. 11A). Immuno-
histochemical (IHC) analysis of those CARPs revealed that CARPs
1, 3 and 4 were abundant in the calicoblastic layer around the
septa, whereas CARP 2 was abundant at the base of the mesentery
(the base of the tentacles) (Supplementary Fig. 11B–E).
3.5. Ion rich vesicle distribution
To examine the formation of dumbbells, we used fluorescence
microscopy on nine S. pistillata primary polyps stained with calcein
blue and FM 4-64 (Fig. 7A–C). Calcein binds divalent alkaline earth
metal ions such as Ca2+ and Mg2+ and is a water-soluble molecule
that cannot penetrate the cell membrane by diffusion or through
ion channels. Therefore, calcein is used as an indicator of the path-
way which calcium is delivered to the skeleton. Calcein-incubated
samples show the presence of divalent metal ions in the coral tis-
sue within and outside of cells, as well as in the extracellular
matrix and skeleton (Fig. 7Ai). In two days settled primary polyp,
two different structures were labelled with calcein blue: punctate
structures of small size (0.54 ± 0.15 mm; Fig. 7Ai, magenta arrow-
heads) and far larger dumbbells (sizes above 3 mm; Fig. 7Ai, cyan
arrowheads).
Calcein blue staining showed no cytotoxic effects and was still
visible in a growing primary polyp 14 days after labeling (Supple-
mentary Fig. 12A). In addition, control primary polyp samples that
have not been incubated with calcein blue, show only the fluores-
cence in the green region (488/509 nm Excitation/Emission) due to
the presence of intrinsic green fluorescence proteins (GFP) (Supple-
mentary Fig. 12B).
The lipophilic dye FM4-64 was used to stain phospholipid
membranes, revealing individual cell borders as well as small, iso-
tropic, membrane-enveloped structures (Fig. 7Aii). Some of these
membranous particles (10–30%) co-localize with the small
calcein-stained particles (Supplementary Fig. 13), suggesting that
ion-rich, calcein-stained material is enveloped by phospholipid
membranes (Fig. 7B). These small membranous structures, likely
vesicles, are distinct from the calcein-stained dumbbell structures
in size and location: They are located within FM 4-64 demarcated
cell boundaries, while the pristine dumbbells form the exoskeleton
septum and the basal plate. The difference in location is also visible
in orthogonal sections (Fig. 7C), where round dumbbell is adjacent
to the glass surface of the microscope slide, while the putative vesi-
cles are found higher up (away from the glass slide) in the coral tis-
sue. Furthermore, by using Cryo-SEM on freeze-fractured
+ primary polyp, we observed vesicles that contain highly dense
material, as determined by using the backscattered electron detec-
tor (BSE), with a uniform size distribution (2–3 mm) inside cells
(Fig. 7Di–iii).
Next, confocal microscopy was performed with double staining;
Calcein blue indicating divalent ions, and the lipophilic dye FM 4–
64 which stains plasma membranes. Calcein stained the exoskele-
ton mineral dumbbells that form the septum and the basal plate
(Fig. 7Ai–Aiv). It can be clearly seen that there is a separation of
the tissue from the mineral structures.
The FM4-64 stain shows the cell separation according to the
boundary membrane (Fig. 7Aii, Bii). In addition, membrane-
surrounded organelles were detected (Fig. 7Bii). Interestingly,
10–30% of these organelles are co-localized with small particles
(0.54 ± 0.15 mm) positively stained with Calcein (Fig. 7Biii). The
average co-localization distance between the intracellular com-
partments and the small calcium particles is 0.28 ± 0.12 mm (Sup-
plementary Fig. 13), suggesting that these particles may be
extracellular vesicles.n in the primary polyps of pocilloporoid corals, Acta Biomaterialia, https://
Fig. 4. Raman measurements Mg-calcite and aragonite minerals in early mineral formations – (A) a light microscopy image of a forming septum. In this area, a line scan is
drawn between a forming CoC (1) and a pristine dumbbell (10) in 2 days settled S. pistillata. The line scan was measured by in vivo-Raman spectroscopy (B), the numbers of
the spectra correspond to the positions numbered on the cross section. The mature dumbbell shows the spectrum of aragonite (spectra 1–6) and the pristine dumbbell has the
spectrum of Mg-calcite (spectra 9–10). The aragonite peaks can be associated with specific symmetry groups of their respective irreducible representations (C–E) following
the analysis of De La Pierre et al. [60]. The Mg-Calcite specific peaks are characterized by a shift [61] from the known calcite peaks [60] 283 cm1 line instead of 281 cm–1 C),
the 714 cm1 line instead of 712 cm1 (D) and 1089 cm1 instead of 1086 cm1 (E), (F–G) Raman spectroscopy maps obtained at the periphery of 3 days settled primary
polyps of S. pistillata (F) and P. acuta (G). There are two crystal forms in these Raman maps; Mg-calcite (blue) in the pristine dumbbells, at the edge of the forming septum
(orange asterisk) in S. pistillata and the rod-shaped structures in P. acuta; and aragonite (red) in the basal plate (BP) and septum in S. pistillata and P. acuta, respectively. (H)
Standard spectra of synthetic Mg-calcite (blue), precipitated as described in Gabriel et al. [47] and of geological aragonite (red). The maps (F–G) were generated according to
these spectra using Matlab. Scale bars: 4 lm (A), 10 lm (F–G). (For interpretation of the references to color in this figure legend, the reader is referred to the web version of
this article.)
8 M. Neder et al. / Acta Biomaterialia xxx (xxxx) xxxThe Calcein stained vesicles are distinct from the dumbbell
structures in size and location; the vesicles are much smaller
(0.54 ± 0.15 mm) whereas the minimum mineral deposition struc-
tures have a diameter of 3 mm. In addition, the vesicles are located
within the tissue while the pristine dumbbells form the exoskele-
ton septum and the basal plate (Fig. 7A). Furthermore, using
Cryo-SEM on freeze-fractured settled larvae, we observed vesicles
containing highly dense material as determined using the
backscattered electron detector (BSE), with a uniform size
distribution (2–3 mm) inside cells (Fig. 7Di–iii).Please cite this article as: M. Neder, P. P. Laissue, A. Akiva et al., Mineral formatio
doi.org/10.1016/j.actbio.2019.07.0164. Discussion
The settlement and recruitment periods in the coral’s life cycle
are considered to be highly sensitive to environmental conditions
[17,18]. Successful mineralization during these stages increases
the chance of survival by growing and developing the skeleton
while attached to the substrate [8,19]. Therefore, understanding
the mechanism underlying carbonate precipitation is crucial. In
the primary polyp, as there is only a small amount of mature
skeleton during this stage, it is easier to observe the skeletogenesisn in the primary polyps of pocilloporoid corals, Acta Biomaterialia, https://
Fig. 5. XRD and XRF maps of the mineral formed during the first day of settlement in S. pistillata – (A) Light microscopy of the 1 day settled S. pistillata primary polyp (B)
80  80 lmXRFmap of the region depicted in the red box in (A). Calcium is displayed in the blue channel, strontium in the red channel (arbitrary units) Co-localization of Sr2+
and Ca2+ appear as magenta (C–F) corresponding XRDmaps of the same region as B: peak position maps of specific reflections characterizing Mg-calcite: (C) (0 1 2)-reflection,
(D) (1 0 4)-reflection and aragonite (E) (1 1 1)-reflection and (F) (0 1 2)-reflection. The color scale indicates the peak position q (nm1). Fig. 7 show the peak position, intensity
and width of all the examined reflections. Scale bar: A-450 lm, B-20 lm. (For interpretation of the references to color in this figure legend, the reader is referred to the web
version of this article.)
M. Neder et al. / Acta Biomaterialia xxx (xxxx) xxx 9process. One of our major observations is that there are several
mineral phases correlated with different skeletal structures in
the primary polyps. We suggest that biological involvement deter-
mines the mineral phase and crystal structure by specific proteins
and/or by controlling the magnesium/strontium supply to the cal-
cifying fluid and to the vesicles. It has been previously suggestedPlease cite this article as: M. Neder, P. P. Laissue, A. Akiva et al., Mineral formatio
doi.org/10.1016/j.actbio.2019.07.016that Mg2+ and Sr2+ ions are incorporated into the different mineral
crystallites in adult coral by disparate pathways [8,25].
Our observation indicates that the initial mineral structures is
varied in S. pistillata and P. acuta (Fig. 1). This species-specific mor-
phological variation suggests at least some level of biological con-
trol. Furthermore, the crystal-structure in both species isn in the primary polyps of pocilloporoid corals, Acta Biomaterialia, https://
Fig. 6. Scanning XRD and XRF of the forming septum of a two days post-settlement S. pistillata primary polyp. (C) Light microscopy image of the two days post-settlement
primary polyp. The region depicted in the red box represents the 450  100 lm2 area of a developing septum. (A) XRF map of the elemental composition, in which calcium is
displayed in the blue channel and strontium in the red channel, co-localization of Sr2+ and Ca2+ appear as magenta. (B) XRD map of the mineral phase distribution. Mg-calcite
(blue) color scale is based on the reflection of calcite (c(1 0 4)) and position after masking the noise based on the intensity. The aragonite (red) color scale is based on the peak
position after masking the noise based on the intensity a(1 1 1)-reflection (Supplementary Fig. 9 shows the peak position and intensity 2D maps). (D) XRD profiles of the cross
section in (B). The numbers of the profiles correspond to the positions numbered in (B). The forming septum shows typical aragonite XRD profiles (1–2, 9–10, in red) as well as
XRD profiles of a mixture of Mg-calcite and aragonite phases (3–8, in purple). Scale bar: A,B – 40 lm, C  200 lm. (For interpretation of the references to color in this figure
legend, the reader is referred to the web version of this article.)
10 M. Neder et al. / Acta Biomaterialia xxx (xxxx) xxxcomposed of nanogranular particles. These rods and dumbbells
serve as a foundation for the growth of aragonite needle shaped
fibers radiating outwards, forming the septum and basal plate
(Figs. 1–2; Supplementary Movies 1–2). The needle structures also
show nano-granular particles, which are embedded within organic
material (Fig. 1G). These morphologies are similar to the ones
observed by Gilis et al. in P. damicornis primary polyps [27].
The pristine dumbbells are highly abundant in the first few days
post settlement (Figs. 1–2). However, in adult corals dumbbells
were observed only at the lateral growing edge [16,28–30]. We
suggest that the dumbbells appear as the earliest calcification
structures at any location on the basal plate and on the septum
(as illustrated in Fig. 1H), forming a new CoC, and next are over-
grown by aragonite fibers formed during next growth phase [23].
Thus, the dumbbells are no longer seen in the adult skeleton. Glad-
felter 1983 [66], observed similar growth pattern in Acropora cervi-
cornis across the diel cycle. She showed that during nighttime,
randomly-oriented fusiform-shaped crystals are forming, and dur-
ing the day these crystals were hidden by the rapid growth ofPlease cite this article as: M. Neder, P. P. Laissue, A. Akiva et al., Mineral formatio
doi.org/10.1016/j.actbio.2019.07.016needlelike crystals. Nanogranules as well as needle-shaped fibers
are found in various adult coral species’ skeletons [23,20]. In adult
corals, the nanogranular clusters are referred to as the CoC or early
mineralization zones [20], while the needle-shaped fibers that
emerge from these CoCs are referred as the Rapid Accretion Depos-
its or Thickening Deposits [20].
We identified the pristine dumbbell and the rod-shaped struc-
tures as nascent Mg-calcite (Figs. 4–6), while the needle shaped
fibers are identified as mature aragonite. Our observation of these
two mineral phases is supported by two distinct methods (In vivo
micro-Raman spectroscopy and XRD, Figs. 4–6). Previous studies
have shown traces of calcite [67,68] and low Mg-calcite [69] in
CoC of adult corals, and in larval skeleton [70,71] of few coral spe-
cies. These calcite units have been suggested to originate from
endolithic algae [68] or to form by induce mineralization bacteria
[27,70]. Our results indicate that there is no evidence of bacteria
around the dumbbells nor of mineralization inducing bacteria in
the primary polyps (Supplementary Fig. 4 and Supplementary
Table 1). In vivo PLM images reveal that pristine dumbbells aren in the primary polyps of pocilloporoid corals, Acta Biomaterialia, https://
Fig. 7. Vesicle distribution in a calcifying S. pistillata primary polyp and planula – (A) in vivo fluorescence confocal microscopy of 2 days settled primary polyp. A i) Calcein
blue fluorescence signal, displayed in white. Calcified skeletal elements (including mature dumbbell-shaped structures) are indicated by cyan arrowheads. Small vesicles are
indicated by magenta arrowheads. The septum, running from top left to down middle, is composed of dumbbell-like structures. ii) FM 4-64 membrane fluorescence marker
(red), showing individual cell borders and intracellular compartments. iii) Autofluorescence of the coral tissue layer, containing native green fluorescent protein (GFP). iv)
Overlay of i–iii. (B) Higher magnification of the region depicted in the cyan box in (Aiv). B i) Calcein Blue staining. ii) FM 4-64 membrane marker staining. iii) Overlay of i–ii
showing partial colocalisation of calcein blue and membrane marker. (C) Orthogonal view (xy/xz/yz) of three-channel overlay (Calcein Blue, FM 4-64 and tissue
autofluorescence). The cutting axes for the orthogonal sections are indicated by dashed yellow lines. The numbers (lm) and corresponding grey lines indicate the distance
from the glass slide (0, cyan line) to reveal that calcified skeletal elements (cyan arrowheads) touch the glass slide, while vesicles (magenta arrowheads) are above it and
hence likely intracellular. (D) Freeze-fracture Cryo-SEM micrograph of S. pistillata primary polyp i) SE mode: part of the planula where small uniform 2–3 lm intracellular
vesicles are visible (red arrows) with strong backscattered electron (BSE) signal (ii): iii) BSE image (cyan) overlaid on the SE micrograph. Yellow asterisk – nuclei. Scale bar; A –
10 lm; B, C – 1 lm; D – 10 lm. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
M. Neder et al. / Acta Biomaterialia xxx (xxxx) xxx 11largely crystalline (Fig. 2E). Larger dumbbells are characterized by
the appearance of Maltese Crosses (Fig. 2F) indicative of spherulitic
growth pattern [22]. This growth pattern [22] has been demon-
strated in adult coral’s CoC [72,73] and is associated with a high
growth rate [74] and efficient space filling [72].
Nevertheless, the broad Raman spectral linewidth (Supplemen-
tary Tables 2–3) suggests that Mg-calcite is poorly crystalline or
disordered crystallites. Although nanogranular structures have
been suggested to characterize the morphology of ACC in many
other carbonate biominerals [75,76], we have not been able to
detect Mg-ACC nor ACC as precursors using Raman or XRD in S. pis-
tillata and P. acuta. However, the possibility that ACC exists in small
amounts or as a transient phase cannot be ruled out, especially
since long range order which contributes to the Raman cross sec-
tion does not exist in the amorphous precursors and the XRD mea-
surements were performed on fixed samples. For example, sea
urchin larval spicules, are birefringent in PLM despite being largely
composed of ACC [77]. This effect was attributed to the coexis-Please cite this article as: M. Neder, P. P. Laissue, A. Akiva et al., Mineral formatio
doi.org/10.1016/j.actbio.2019.07.016tences of small particles of ACC and calcite in close proximity at
length scales of tens of nm [78].
Based on the XRD results, Mg2+ is incorporated into the Mg-
calcite phase presence in the CoCs. We estimated the concentration
of Mg2+ in the pristine dumbbells (based on the peak shift of the
XRD profiles (Supplementary Fig. 7), to be around 3%. Strontium
was detected mostly in the septa and basal plate where well-
developed aragonite crystals are observed (Figs. 5, 6, Supplemen-
tary Fig. 9). Based on the XRD aragonite peak shift [79,80] we esti-
mate the concentration of Sr2+ incorporated into the aragonitic
crystalline lattice positions, to be at maximum of 1 mol %. These
result are in line with nanoSIMS measurements on coral skeleton
[25].
Fluorescence confocal microscopy and cryoSEM (Fig. 7) reveal
small intracellular membrane surrounded dense bodies that con-
tain either Ca2+, Sr2+ or Mg2+ ions (or mixtures of those). Recent
in-vivo study has shown that Ca2+ concentration is increasing at
the calcifying fluid compared to seawater [12]. The authorsn in the primary polyps of pocilloporoid corals, Acta Biomaterialia, https://
12 M. Neder et al. / Acta Biomaterialia xxx (xxxx) xxxsuggested that the ion pathway to the site of calcification is
involved with the transcellular pathway through the cells [12]. In
order to maintain a high concentration of calcium in the cells,
Ca2+ must either be bound to Ca2+ binding proteins or sequestered
in vesicles [25]. Vesicles were observed previously in corals
[7,81,82], however their origin and content were not clear.
Recently, a Na+/Ca2+ exchanger was identified in Acropora yongei
and cloned. The authors showed that it contained a peptide signal,
which targets proteins to vesicles from the secretory pathway [10].
In addition, intracellular mineral particles containing a mixture of
ACC, H2O-ACC and pAra were observed in adult corals, and have
been suggested to be contained in vesicles [15]. Ohno et al., [29]
observed similar particles and characterized them as floating puta-
tive nascent crystals. The authors observed these particles in a
time-lapse sequence, and noticed that over time these particles
would appear, and then be relocated to other areas in the cells. It
is conceivable that these vesicles contain precursor minerals such
as ACC or Mg-ACC.
The identification of a Mg-calcite phase is in agreement with
in vitro precipitation experiments performed in the presence of
CARP3, derived from the coral S. pistillata and putatively associated
with the mineralization process [47], demonstrated the formation
of Mg-calcite. The authors suggested that CARP3 can shift the
kinetics of CaCO3 crystallization in seawater-like solutions to Mg-
Calcite, instead of aragonite which precipitates in the absence of
CARP3. A similar experiment performed with an acidic protein
(PfN44) derived from the pearl oyster, showed that it plays a role
in regulating the magnesium content of crystalline carbonate poly-
morphs, stabilizing Mg-calcite and inhibiting aragonite deposition
[31].
We examined the temporal and spatial expression pattern of
biomineralization ‘‘toolkit” genes [43]. The expression pattern
showed up-regulation of most of these genes after settlement. A
similar trend was observed recently in Pocillopora darmiconis
[41], Acropora millepora and Acropora digitifera [83]. The facts that
most of the CARPs were highly expressed after settlement, and
mostly localized in the calicoblastic cells next to the mineral sup-
port their specific role in the biomineralization process. One excep-
tion is CARP2 which is down-regulated after settlement and
localized in the mesentery (the base of the tentacles). A recent
study correlated CARP2 with the ACC phase in the pre-settled plan-
ula, in which the authors suggest that this gene is associated with
the formation of mineral precursors [8]. CARP2 was identified in
adult corals and was associated with the more soluble region of
the growth layer in the skeleton [11]. The authors suggested that
CARP2 has a role in the skeleton extension during the night [11].Stage 1 Stage
 ACC
vesicles
Nucleus Nucleus
Coral tissue
Seawater
Calcifying fluid
Mg-calcite
Mg2+
Fig. 8. Three-stage model of skeletogenesis in primary polyps. During the first stage, ion
presence of macro-molecules such as CARPs. In the second stage, the vesicles are trans
structures are deposited in the presence of CARPs. During the third stage, aragonite crysta
needle shaped crystal growth in a spherulitic growth pattern. The distinct CARPs, represe
precipitation the CaCO3 minerals. (For interpretation of the references to color in this fi
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doi.org/10.1016/j.actbio.2019.07.016Thus, the observation of biomineralization specific proteins
expressed in temporal and spatial relationship to skeletal
formation, indicates some degree of biological control over mineral
precipitation. The exact role of each gene however remains an
enigma.
The presence of co-existing Mg-calcite and aragonite crystal-
lites in 2 and 4 day old samples (as determined by XRD) rules
out the possibility of dissolution of the entire Mg-calcite particles
and recrystallization of aragonite instead (Fig. 6, Supplementary
Figs. 9 and 10). Clearly, the material in the CoCs is not a precursor
for aragonite formation, but it may serve as a surface for aragonite
needles to grow on. An in vitro precipitation experiment demon-
strated that aragonite can be precipitated directly on top of calcite,
without any organic additives, by adding Mg2+ ions to the precipi-
tating solution [84]. Thus, it is conceivable that the organism con-
trols the precipitating environment to favor either Mg-calcite or
aragonite at different times/locations. Furthermore, Mg-ACC has
been recently identified in the pre-settled S. pistillata larvae [8],
while in adult coral ACC and pAra were previously observed
[15,23]. In this study however, we cannot determine unequivocally
whether one or two precursor phases (for aragonite and for Mg-
calcite) exist, or that the same precursor transforms to Mg-calcite
or to aragonite depending on the Mg2+/Sr2+ concentration in the
calcifying fluid, and/or the presence of specific bio-
macromolecules such as CARPs [47,8,85] or others [86]. However,
based on previous reports [15,23], it is most likely that Mg-
calcite and aragonite are formed from variable ACC precursors. Iso-
topic labeling experiments [25] have demonstrated that Sr2+ and
Ca2+ are delivered to the mineralizing site through the same
voltage-sensitive, transcellular pathway located at the calicoblastic
ectoderm, while magnesium is delivered to the surface of the
growing skeleton by a different and more actively controlled
mechanism. Magnesium can either be actively pumped through
the calicoblastic ectoderm to the mineralizing surface, or be intro-
duced by allowing sea-water to enter the mineralizing zone
directly [25].
Sulphur on the other hand, shows a complimentary trend to the
Mg2+ ions one. Organic sulphur was detected previously in three
coral species [87,88]. The authors suggested that the high count
of sulphated polysaccharides in the developed mineral play a role
in the mineral crystallization either by increasing the acidic nature
of the skeletal organic matrix (SOM), binding calcium ions, or by
altering the local anionic environment, resulting in concentrating
the calcium ions at the nucleation points [86–89]. Sulphur may
also indicate the presence of proteins, which can also be used as
scaffolding for crystal formation.Stage 3 2
Nucleus
Coral tissue
Sr2+
Mg2+
Mg-calcite
Aragonite
Sr2+
Mg2+
Sr2+Mg
2+
rich vesicles of ACC represented by green spheres, are formed in the tissue, in the
ferred to the extracellular calcifying fluid, and Mg-Calcite rods/pristine dumbbells
ls are formed on top of the Mg-Calcite rods/dumbbells, which serve as seeds for the
nted by helical structures (blue, red and yellow), play different roles in the biological
gure legend, the reader is referred to the web version of this article.)
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Based on our findings, we propose the following three-stage
mineral formation model in primary polyps (Fig. 8): I) in addition
to calcium transport channels [12–14] we suggest the formation
of intracellular mineral vesicles. II) Formation of rod/dumbbell-
shaped structures made of Mg-calcite, and III) formation of arago-
nite crystals. At stage I: divalent ion rich vesicles, likely containing
amorphous material are formed within the cells. The origin of the
divalent ions is likely from endocytosis of seawater [7,15] as the
vesicles are stained by the membrane-impermeable calcein stain.
We postulate that macro-molecules such as CARPs are present in
these vesicles and induce the formation of transient ACC [90].
The vesicles deliver the mineral precursors into the calcifying fluid
where it crystalizes into either Mg-calcite or aragonite as described
in stage II and III.
Stage II: Formation of Mg-calcite CoCs. Initial deposition of
skeletal mineral is in the form of Mg-calcite pristine dumbbells
in S. pistillata or rod-shaped particles in P. acuta. Evidence shows
[8] the presence of Mg-ACC in primary polyps, which we suggest
is a precursor mineral for the Mg-calcite CoCs. The amorphous
mineral however crystallizes rapidly in the calcifying fluid, as sug-
gested by the birefringence of the pristine dumbbells in PLM under
native conditions. The exact mechanism of the Mg-calcite rods/-
dumbbells precipitation is still unknown, but it likely involves
CARPs and possibly other specific organic macro-molecule
[47,86,91].
Stage III: The third stage in the process is the large-scale
buildup of aragonite crystals to fill the space between CoCs (dumb-
bell/rod) with needle-shaped fibers. Growing on top of the pristine
dumbbell/rod structures (Figs. 1 and 2, Supplementary Movies 1–
3). These aragonite crystals are the most ordered material in the
growing coral, and as they accumulate, they become the most
abundant mineral material in the coral. We suggest that aragonite
is formed from a second precursor phase that transforms to arago-
nite via ACC and pAra phases [15].
The three-stage cycle repeats itself at different times and loca-
tions to form the basal plate and the septa. When these are well
developed, mineral formation proceeds in the vertical direction
in a precisely biological controlled process.6. Data availability
The authors declare that the main data supporting the findings
of this study are available within the article and its Supplementary
Information files. Extra data are available from the corresponding
author upon request.
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